To elucidate the mechanisms involved in the increase in free amino acids during postmortem storage of meat, a novel aminopeptidase was purified from bovine skeletal muscle by ammonium sulfate fractionation and successive chromatographies such as DEAE-cellulose, Sephacryl S-200, Hydroxyapatite, Phenyl-Sepharose, and Hi-Trap affinity column chromatography. The molecular mass of the enzyme was found to be 58 kDa on SDS-PAGE. This enzyme had optimum pH at around 7.5, and preferably hydrolyzed Ala--naphthylamide (-NA) in amino acid-NAs. The activity was strongly inhibited by phenylmethansulfonyl fluoride (PMSF) and bestatin, suggesting that it is to be classified as a serine protease. Moreover, the activity was enhanced by chloride and nitrate ions, which is the most remarkable property of this enzyme. The enzyme appeared to be involved in the increase in free amino acids during postmortem storage of meat.
It is well-known that free amino acids increase during the postmortem aging of meat. This increment of free amino acids is thought to contribute to the improvement in meat flavor obtained by the postmortem aging of meat. The increment of free amino acids during the postmortem storage of meat is reported to be caused by the action of aminopeptidases active in neutral pH regions. Some kinds of neutral aminopeptidases in skeletal muscle have been reported; for example, leucine aminopeptidase (APase) [EC 3.4.11.1], 1) APases B [EC 3.4.11.6], [2] [3] [4] C, [4] [5] [6] [7] [8] [9] H, [10] [11] [12] [13] [14] [15] [16] and P [EC 3.4.11.9], 17) pyroglutamyl APase [EC 3.4.11.8], 18) and some dipeptidases. 19, 20) Among these aminopeptidases APase H exhibits wide substrate specificity and preferably hydrolyzes glutamic acid-and serine-NAs as well as alanine-, leucine-, lysine-, and methionine-NAs. 21, 22) APase C also exhibits wide substrate specificity. Especially, this enzyme can hydrolyze proline-NA, which APase H cannot hydrolyze. 23 ) Furthermore, aminopeptidase P shows very high substrate specificity. This enzyme hydrolyzes the peptide bond between any amino acid and a penultimate proline residue at the N-terminal of oligopeptide and protein substrates, which neither APase C nor H can hydrolyze. 17) From these results, APases C, H, and P have been suggested to be major contributors to the increase in free amino acids during postmortem aging. 21) The enzymatic properties of APases C and H in muscles have also been well characterized. APase C was purified from porcine 9) and chicken 8) muscles. This aminopeptidase has been shown to be a metal protease and to exhibit maximum activity at pH 6.0-7.0. APase H has also been purified from bovine, 14) porcine, 13) and chicken 15) muscles. This enzyme is a thiol protease and exhibits maximum activity at pH 7.5-8.0.
Thus the information on aminopeptidases in muscle gradually increases. But there is not enough information to elucidate the mechanism involved in the increase of free amino acids in meat during postmortem aging. For elucidation of this mechanism, it is important to list and characterize major APases in skeletal muscle.
In this study, we investigated the occurrance of a novel APase (designated ''APase D'' temporarily) in bovine skeletal muscle. The enzyme preferably hydrolyzed alanine--naphthylamide (Ala-NA), and was significantly activated by Cl À . Certain properties of the enzyme were also investigated. Furthermore, the contribution to the increment of free amino acids during postmortem aging of beef was examined.
Materials and Methods
Materials. Fresh bovine muscle (M. longissimus thoracis) at day 4 after slaughter was used. After slaughter, the sample was stored at 0 C. Then it was transported and stored at 3-4 C before the experiment. DEAE-cellulose was purchased from Whatman (Springfield Mill, England). Sephacryl S-200 (high resolution), Phenyl-Sepharose CL-4B, and Hi-Trap chelating HP were obtained from Pharmacia (NJ), and Hydroxyapatite was purchased from Bio-Rad (NY). Ala-, Ser-, and Met--naphthylamides (-NAs) were obtained from Sigma Chemical (MI), and Arg-, Glu-, Leu-and Pro-NAs were purchased from Bachem (Bubendorf, Switzerland). Puromycin was obtained from Wako Pure Chemical (Osaka, Japan), and bestatin was purchased from Sigma Chemical. Pepstatin and PMSF were purchased from Bio-Rad, and iodo acetate was purchased from Nacalai Tesque (Kyoto, Japan). All other chemicals used were of high reagent grade.
Enzyme assay. Aminopeptidase activities were measured using Ala-NA and Xaa-NA as substrates. After the enzyme was incubated with 0.5 mM substrate in 0.4 ml of 0.1 M Tris-HCl buffer (pH 7.2) containing 0.5 M NaCl at 37 C for 60 min, 0.4 ml of 0.23 M HCl in ethanol and 0.4 ml of 0.06% p-dimethylaminocinnamaldehyde in ethanol were added to the reaction mixture in order to stop the enzyme reaction. The red color that developed was measured at 540 nm and the -naphthylamine released from Xaa-NA was determined.
Purification of APase D from bovine skeletal muscle. APase D in this study was purified by six steps. All steps were carried out at about 4 C. Buffer A, which was frequently used for purification and enzyme assay, was composed of 10 mM Tris-HCl buffer (pH 7.2) containing 0.1% 2-mercaptoethanol (ME). The activity of APase D was measured using Ala-NA as substrate.
Step 1. Extraction and ammonium sulfate fractionation. Minced muscle (600 g) was homogenized with three volumes of 40 mM Tris-HCl buffer (pH 7.2) containing 0.1% 2-ME with a Waring blender for 1 min. The homogenate was then centrifuged at 10;000 Â g for 20 min and the resulting supernatant was filtered through three layers of gauze to remove floating fat. The filtrate (crude extract) was subjected to ammonium sulfate fractionation. The precipitate obtained between 35% and 65% ammonium sulfate saturation was collected and dialyzed against buffer A. The dialyzate was centrifuged at 10;000 Â g for 20 min to remove insoluble materials, and the supernatant was pooled.
Step 2. DEAE-cellulose column chromatography. The supernatant was put on a DEAE-cellulose column (3:5 Â 35 cm) equilibrated with buffer A. After the unadsorbed proteins were completely removed from the column by washing with buffer A, the enzyme was eluted with a linear concentration gradient of NaCl (0 to 0.4 M) in buffer A.
Step 3. Sephacryl S-200 column chromatography. Enzyme fraction on DEAE-cellulose column chromatography was concentrated by ultrafiltration with a membrane (Millipore, MA, molecular mass > 10,000), applied onto a Sephacryl S-200 column (2:3 Â 110 cm), and eluted with buffer A containing 0.1 M NaCl.
Step 4. Hydroxyapatite column chromatography. The enzyme fraction on step 3 was pooled and dialyzed against 10 mM potassium phosphate buffer (pH 7.2). The dialyzate was applied onto the Hydroxyapatite column (2:3 Â 35 cm) equilibrated with the same buffer. The enzyme was eluted with a linear gradient of potassium phosphate concentration (10 to 200 mM).
Step 5. Phenyl-Sepharose CL-4B column chromatography. The enzyme fraction from step 4 was pooled and dialyzed against buffer A, containing 1.5 M ammonium sulfate. The dialyzate was applied to the PhenylSepharose CL-4B column (3:5 Â 25 cm) equilibrated with the same buffer. The enzyme was eluted with a linear gradient of ammonium sulfate concentration (1.5 to 0 M).
Step 6. Hi-Trap affinity column chromatography. The enzyme fraction from step 5 was dialyzed against 20 mM sodium phosphate containing 0.5 M NaCl (pH 7.2), and then the dialyzate was put on a Hi-Trap affinity column binding Zn 2þ (0:7 Â 2:5 cm) equilibrated with the same buffer. A preliminary experiment showed that this enzyme was strongly inhibited by Zn 2þ , suggesting that APase D might interact with Zn 2þ in this column. Hence we tried to purify APase D using this column. The activity was eluted with a linear gradient of imidazole (0 to 0.5 M) in the same buffer. The fractions containing the enzyme activity were collected and used as the purified enzyme.
SDS-PAGE.
Gel electrophoresis in the presence of sodium dodecyl sulfate was carried out by the method of Laemmli 24) using 12.5% gels and bromophenol blue as the tracking dye. The proteins were stained with Coomassie Brilliant Blue R-250.
Protein determination. The concentration of proteins was determined according to the method of Bradford et al., 25) using bovine serum albumin as the standard. The absorbance at 280 nm was used to monitor the protein peaks on the column chromatographies.
Increase in free amino acids during storage of bovine muscle homogenate. It has been reported that Aminopeptidase C, 9) H, 11) and P, 26) which possess major activity in muscle, are not inhibited by Mn 2þ . On the other hand, APase D was inhibited by Mn 2þ (Table 2 ). Hence we examined the contribution of APase D to the increase in free amino acids during the storage of bovine muscle using Mn 2þ . Minced muscle (10 g) was homogenized with 40 ml of distilled water containing 27 mM NaN 3 with a homogenizer (Polytron; Kinetatica AG, Littau, Switzerland) for 1 min. The homogenate was stored at 4 C for 10 d in the presence or absence of Mn 2þ (1 mM). After the addition of trichloroacetic acid (10%, final), the homogenate was centrifuged at 10;000 Â g for 20 min and the amino acid concentration in the resulting supernatant was measured with an amino acid analyzer (Nippon Denshi, Tokyo).
Results

Purification of aminopeptidase (APase) D from bovine skeletal muscle
APase D was first purified from bovine muscle. Figure 1 shows a first chromatography on the purification process. The Ala-NA hydrolyzing activity was eluted into three peaks (frs. 46-51, 59-60, and 62-90). Based on our previous data, 22) the latter major peak was thought to contain APases C and H, but no aminopeptidase activity in the first peak has been identified yet. Therefore, we purified it in the first peak. The results of the purification process are summarized in Table 1 . The Hi-Trap affinity chromatogram of the last step in the purification process and a SDS-PAGE profile of the enzyme obtained after this chromatography are shown in Fig. 2 . APase D was observed as a single band, and estimated to be 58 kDa on SDS-PAGE. APase D was purified 659-fold over the crude extract and 0.03 mg enzyme was isolated from 600 g muscle.
Characterization of APase D Effect of pH
The enzyme activity against Ala-NA was measured at various pH (3.0 to 9.5) at 37 C for 60 min. In this experiment, sodium acetate (pH 3-6), potassium phosphate (pH 5.5-8), and ammonium (pH 7.5-9.5) buffers were used. As shown in Fig. 3 , the optimum pH of this enzyme against Ala-NA was about 7.5.
Effect of inhibitors and ions
The effect of potential inhibitors or activators on the activity of purified APase D was examined. The enzyme was strongly inhibited by PMSF and bestatin ( Table 2 ), indicating that APase D is to be classified as a serine protease. The activity was also remarkably inhibited by Mn 2þ , Zn 2þ , Co 2þ , and Cu 2þ (Table 3) . On the other hand, the enzyme was activated by DTT (Table 2 ) and some kinds of anions (Table 4 ). Among all anions tested, the chloride ion was shown to be the most effective to activate this enzyme. The nitrate ion also activated it. The active fractions on Phenyl Sepharose CL-4B column were applied to a Hi-Trap affinity column equilibrated with 20 mM sodium phosphate buffer (pH 7.2). The enzyme was eluted at the indicated fractions (#) with a linear gradient of imidazole (concentration, 0 to 0.5 M). The purified enzyme was observed as a single band, and estimated to be 58 kDa on SDS-PAGE.
Effect of heat on stability of the enzyme
The thermal stability of purified APase D was determined by incubation of the enzyme in 100 mM Tris-HCl (pH 7.2) at the following temperatures: 37, 45, 50, 55, 60, 65, 70, 75, and 80 C for 10 min. The enzyme was stable for the incubation up to about 55 C, but the activity was almost lost by the incubation at 65 C (Fig. 4) .
Substrate specificity The activity of the purified APase D was measured against several Xaa-NAs (Ala-, Arg-, Pro-, Leu-, Met-, Lys-, Ser-, and Glu-NA) as substrates (0.5 mM) in 100 mM Tris-HCl buffer (pH 7.2) containing 0.5 M NaCl as a standard assay medium. As shown in Table 5 , this enzyme showed broad substrate specificity against Xaa-NA, its action on Ala-NA being especially high. Moreover, the APase D also showed low activity against Arg-, Pro-, Leu-, Met-, Ser-, and Lys-NA.
The contribution of APase D to the increase in free amino acids during the storage of bovine muscle homogenate Bovine skeletal muscle homogenate was stored at 4 C for 10 d in the presence or absence of Mn 2þ , a very strong inhibitor of APase D, and the increase in many amino acids was surpressed in the presence of Mn 2þ (Fig. 5) . Especially, the increase in alanine, glycine, and glutamic acid was largely inhibited. This result suggests that this enzyme contributed to the increase in alanine, Aminopeptidase D was purified from 600 g bovine muscle. The activity was measured using Ala-NA as substrate. The details of the assay are described in ''Materials and Methods.'' glycine, and glutamic acid during the postmortem storage of meat.
Discussion
In this study, we described a Cl À -activated aminopeptidase (APase) newly found in bovine skeletal muscle. When an aminopeptidase is newly found, it is usually assigned a letter, as with APases A, B, C, H, M, N, P, and Y. We temporarily designated the new aminopeptidase in this study APase D, because ''D'' has not been used for any aminopeptidase yet.
Some APases in the skeletal muscle of various animal species have been purified and characterized. Among them, APase B is the most similar enzyme to APase D, because the enzymatic properties of the former are in part similar to those of the latter. APase B has been found to be activated by Cl À . 27) APase D was also activated by Cl À . This is one of the most remarkable properties common to APases B and D. Next, APase B is reported to be inhibited by bestatin, an APase inhibitor of bacterial origin. 28, 29) APase D was also inhibited by bestatin in this study. However, there are some diverse properties as between APase B and D. It has been reported that APase B acts on only basic amino acids at the N-terminals of oligopeptides. 21, 27, 28) On the other hand, APase D acted on Ala-NA preferably and did not do so, on Arg-and Lys-NA. Furthermore, the molecular mass of APase D (58 kDa) was also different from that of APase B (76 kDa). 25) Based on these points, APase D was assumed to be a newly-found aminopeptidase distinct from APase B.
APase D was strongly inhibited by PMSF. We can thus conclude that APase D is to be classified as a serine The activity of aminopeptidase D was measured at pH 7.2 at 37 C for 60 min after incubation of the enzyme at the indicated temperatures for 10 min. Aminopeptidase D was incubated for 60 min at 37 C in Tris-HCl buffer (pH 7.2) containing 0.5 M NaCl toward each Xaa-NA (0.5 mM). The rates of hydrolysis were expressed relative to the value for Ala-NA, which was arbitrarily taken to 100. protease. APases C and H, which are the major aminopeptidases in bovine skeletal muscle, were inhibited by EDTA and iodoacetate respectively. Here APases C and H are classified as metal and thiol proteases respectively. Furthermore, APases C and H were inhibited by Co 2þ and Zn 2þ , while they were not inhibited by Mn 2þ . 9, [13] [14] [15] The hydrolyzing activity of APase D on Ala-NA was activated by DTT and certain kinds of anions. DTT is a reducing agent, and it appears to activate this enzyme by conformational change at the disulfide bond. Anion activation has previously been described for several enzymes, such as -amylase, 30) cathepsin C, 31) APase B, 32) Alanine APase, 33) and angiotensin converting enzyme. 34) Kinetic data as well as direct binding measurements of Cl À for these enzymes have suggested that the activation by Cl À is mediated through binding to a particular site in the enzyme. 31, 35) Furthermore, chemical modifications of angiotensin converting enzyme and -amylase have revealed that a single lysine residue in their active sites is responsible for anion binding. [36] [37] [38] [39] Based on these reports, the activation of APase D appers to be caused by binding of chloride or nitrate ions to its active site. However, since the mechanism of activation by an anion appears to differ between the enzymes, the clarification of its mechanism for APase D is the next problem to be resolved.
Although APases C and H are thought to be the major contributor to the improvement in meat taste during postmortem aging, the contribution of the other APases is not well clarified. In this study, the contribution of APase D to the improvement during postmortem aging was examined. The activity of this enzyme against Ala--naphthylamide (Ala-NA) showed maximally at pH about 7.5. APase D also showed 17 and 2% activity of maximal at pH 7.0 and 6.0 respectively. Therefore, this enzyme appears to contribute to the increase in free amino acids during the early stage of postmortem aging of beef.
This aminopeptidase did not show large activities on Xaa-NA, except for Ala-NA. In spite of the narrow substrate specificity of Xaa-NA, increase in many amino acids was inhibited during postmortem aging. This result is very interesting and surprising. It has been reported that the substrate specificity for Xaa-NA of an aminopeptidase is not necessarily consistent with that for oligopeptides. 15) This suggests that these aminopeptidases cleave the peptide-bond with recognition of the sequence of couple amino acids in the peptide which binds to the subsite at the active site in these aminopeptidases. Clarification of the substrate specificity for oligopeptides is the next problem to be resolved.
As shown in Fig. 5 , the increase in alanine and glutamic acid in the homogenate of bovine skeletal muscle was significantly inhibited during incubation at 4 C for 10 d in the presence of Mn 2þ , which was a strong inhibitor of this enzyme. Since APases C and H, which are the major contributors to the increase in free amino acids during postmortem aging, are not inhibited by Mn 2þ , APase D as well as APases C and H appears to contribute to the increase in free amino acids, especially alanine and glutaminic acid, in meat during postmortem aging. It is well-known that monosodium salt of glutamic acid shows umami, and that alanine and Gly show sweet. These amino acids are thought to contribute to the taste of aged beef. It is concluded, then, that APase D partially contributes to the improvement in meat taste during postmortem aging. 
